We have characterized a novel peptide-containing cell within the gastric mucosa of Xenopus laevis. The cell is a spherical, multinucleated syncytial structure containing a cytoplasmic space filled with dense rice-shaped granules, and is sttikingly similar in morphology to the well-studied granular gland of the amphibian skin. Immunohistochemical and immunogold methods were used to demonstrate that several peptides previously isolated from the granular glands of the skin, including the antimicrobial peptides magainin and PGLa (a peptide with amino-terminal glycine and carboxyterminal leucinamide), are also stored in granules present in these enteric cells. These data demonstrate that this en-
Introduction
The gastrointestinal mucosal surfaces of vertebrates are populated by a variety of hormone-producing cells, collectively called enteroendocrine (EE) cells, which comprise the diffuse neuroendocrine system of the gastrointestinal tract. Although as many as 15 different types of EE cells have been described on the basis of granular morphology and specific peptides stored (M), EE cells share generally similar morphology. They have a pyramidal or spindle shape and lie either within the mucosal layer in contact with the lumen or are buried beneath non-endocrine cells out of luminal contact (4). Supported teric peptide-producing cell is strikingly similar both morphologically and biochemically to the granular gland, previously considered a highly specialized structure of the amphibian integument. This novel gastric mucosal cell, which we have designated a "granular multinucleated cell," is distinct in its morphology and its diversity of stored peptide products from other well-characterized peptide-containing cells in the vertebrate gastrointestinal tract. (J Hisrochem Cyrochem 40: [367] [368] [369] [370] [371] [372] [373] [374] [375] [376] [377] [378] 1992) In general, the EE cells on all mucosal membranes, be they from the gastrointestinal tract or respiratory tract, share similar morphology. In addition, the cell type is sufficiently general in overall design that it has been described in all vertebrates including fish, reptiles, amphibia, and birds, as well as in mammals, with little profound variation in cell design (5).
In contrast to the mucosal EE cell found in the gastrointestinal tract of vertebrates is the granular gland found in the skin ofXenopllrlaevzs. This gland is a large (1-mm diameter) multicellular syncytial structure containing a cytoplasm filled with large granules shaped like grains of rice. The contents of the gland are released on rupture of the plasma membrane and delivered to the surface epithelium through a duct. The granular gland discharges its contents onto the external surface of the animal after pharmacological administration of alpha-adrenergic agonists, imposition of stressful stimuli, or on direct injury to the skin (6) (7) (8) (9) . The glands appear to arise from rests in the surface epithelium (lo), initially develop during metamorphosis in all anurans, and are continuously renewed throughout adulthood (11) .
Studies conducted Over the past 30 years have demonstrated that the granular glands from amphibia contain large quantities of biologically active peptides and biogenic amines (12) (13) (14) (15) (16) . Furthermore, these substances are either identical or analogous to hormones and neurotransmitters present in both the diffuse neuroendocrine system and the central nervous system of mammals (17) (18) (19) (20) . Many biogenic amines related to serotonin and dopamine, and hormones such as thyrotropin-releasing hormone, dermorphin, caerulein, and xenopsin, have been isolated from the secretion of the Xenopus skin glands. There is a recent review on this subject (21). Therefore, the anuran granular gland has been regarded as a highly specialized epithelial derivative in which a great diversity of neurotransmitters and biologically active peptides are synthesized and stored, and which is designed to discharge its products through a holocrine secretory mechanism.
Recently, we have discovered that among the most abundant of the peptides stored in the granular glands of Xenopus are a family of peptides, the magainins, which exhibit broad-spectrum antimicrobial activity (7, 9) . These natural peptides inhibit the growth of gram-negative and gram-positive bacteria and fungi and have been suggested to play a role in defense against microbial invasion during wound healing (22) . Over a dozen antimicrobial peptides have been identified in Xenopus laevis, including magainins I and I1 (9), PGLa (23), xenopsin precursor fragment (XPF) (24), 12 variants of caerulein precursor fragment (CPF) (25-27), and levitide precursor fragment (LPF) (28). Giovannini et al. (7) have shown that the antimicrobial peptides are stored as processed species within the granular gland of Xenopus skin.
As part of our investigation of these antimicrobial peptides, we examined other tissues for their presence, and found that extracts of Xenopus stomachs contain significant quantities of peptides of the magainin family (29) . To define the anatomic localization of these peptides, we examined the upper gastrointestinal tract of Xenopus using immunohistochemical methods. We report here the characterization of a novel peptide-producing cell in the gastric mucosa of Xenopus laevu which exhibits immunoreactivity toward several magainin family members. This peptide-containing cell morphologically resembles the skin granular gland with respect to the unique size and shape of the granules, and in its syncytial cell design. Howcver, this cell also shows positive immunoreactivity with antisera against cholecystokinin, a well-studied hormone stored in endocrine cells. Therefore, this gastric cell contains the magainin family ofpeptides, previously identified only in the skin, and resembles the skin granular gland, yet has some properties of classic endocrine cells. On the basis of its ultrastructural morphology and distinctive granules we have called this cell a "granular multinucleated cell" (GMC). The characterization of this novel mucosal cell, with its striking ultrastructural morphology and its peptide diversity, extends our understanding of peptide-storing cells in the vertebrate enteric mucosa.
Materials and Methods
Immunohimtoch~try, Freshly obtained Xenopus stomach tissue was placed in 4% formaldehyde in PBS and incubated overnight at room temperature. The tissue was embedded in paraffin blocks and 8-10-pm sections were obtained (American Histotek Labs; Gaithenburg, MD). The tissue sections =re treated with xylene, followed by a graded series of ethanol solutions, and then with hydrogen peroxide. The tissue was stained using a biotin-avidin-peroxide method (30) (Vectastain ABC Kit; Vector Laboratories, Burlingame, CA) according to the manufacturer's protocol, with the addition of osmium enhancement and light green counterstain (Aldrich Chemicals; Milwaukee, WI). The primary polyclonal antibodies were generated in rabbits. Synthetic peptides magainin 11-carboxyamide, PGLa, XPF carboxyamide, and CPFcarboxyamide (Applied Biosystems; Foster City, CA) were coupled to keyhole limpet hemocyanin using l-ethyl-3-( 3-dimethyla-minopropy1)carbodiimide (Peninsula Labs; Belmont, CA). New Zealand White rabbits were immunized with this peptide conjugate (250-500 pglsubcutaneous injection) every 2 weeks using Freund's adjuvant (Hazelton Laboratories; Vienna, VA). The IgG fractions were isolated from magainin and PGLa antisera using recombinant protein A purification (Beckman; Fullerton, CA). Immune-depleted sera, used as a control for magainin and PGLa antisera, were generated by passing the immune IgG fraction over an affinity column that was composed of synthetic magainin 11-carboxyamide or PGLa coupled to Affi-gel 10 (BioRad; Richmond, CA). Controls for the CPF, XF'F, and cholecystokinin (CCK) antisera consisted of a pre-incubation of the following dilutions of antisera with the relevant peptide: 1:4000 CPF antisera with 1 mg/ml CPFa; 1:10,000 XPF antisera with 3 mg/ml XPFa; and 1:lOOO CCK antisera with 1 mg/ml CCK. The depletion of the XPF signal was not as complete as for the other antisera. The cholecystokinin antibody directed against CCK-8 was obtained from Cambridge Research Biochemicals (Cambridge, MA). Reagents for the hematoxylin and eosin stain and the periodic acid-Schiff stain were obtained from Poly Scientific (Bay Shore, NY). One stomach section was stained with 0.01% toluidine blue in 0.01% sodium borate (Fisher Scientific; Fair Lawn, NJ). Photography was done with a Zeiss Axiophot microscope using Kodak KPA Type 40 film, or with a Chromapro slide duplicator (Sickles) and a 63-mm enlarging lens (El-Nikkor, Nikkon) using Kodak Ektachrome 50 film. Antibody Characterization. Antibody specificity was determined by enzyme-linked immunosorbent assay (ELISA). All wells of a 96-well microtiter plate (Nunc) were coated with peptide by incubating overnight at 37'C with 0.05 pgl50 p1 peptide in water. The peptides used were: magainin 11-carboxyamide, PGLa, XPF-carboxyamide, CPF-carboxyamide, a human CCK precursor, NLQNLDPSHRISDRDYMGWMDFNH2 (Magainin Sciences; Plymouth Meeting, PA), or a keyhole limpet hemocyaninin (Sigma; St Louis, MO). Unoccupied binding sites on the plastic were blocked by incubating the plate at 37'C for 2-4 hr with 1% bovine serum albumin in 1 x PBS.
After an overnight incubation (at 4°C) of antisera with competingpeptide at aconcentration of 0.8-500 pglml, the antisera and peptide mixture was added to the plate and incubated at 4'C overnight. Both sera and peptide were diluted in 0.1% BSA, 0.05% Tween-20,l x PBS. Extensive washing with 0.02% Tween-20 in 1 x PBS was performed.
Secondary antibody [horseradish peroxidase coupled to goat anti-rabbit antibody (Boehringer; Mannheim, FRG) diluted 1:400 in 0.1% BSA, 0.05% Tween-20,l x PBS] was added and incubated for 90 min at room temperature. Peroxidase substrate (Kirkegaard & Perry; Gaithersburg, MD) was added (100 pglwell) and after 4 min the reaction was stopped with 100 p1 of 1 M phosphoric acid. The plates were read on an ELISA reader (Bio-Rad) at 450 nm.
Immunogold Ekaoh Mi ".
Fresh tissue from adult Xenoprrs frogs or Stage 62 tadpoles was washed in 0.1 M cacodylate buffer, pH 7.4, containing 7% sucrose for 10 min, and then fixed in 1% (dv) glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, containing 0.5% (wlv) calcium chloride, After washing in 0.1 M cacodylate buffer, pH 7.4, containing 7% sucrose three times for 20 min each, the sample was dehydrated in a series of graded alcohols. The sample was embedded in Epon. polymerized at 48% overnight, and baked at 60'C for 2 days.
Thin sections, silver colored, were cut with an LKB Ultramicrotome I11 and collected on 200-mesh nickel grids, which were floated on a saturated 
Results

Antibody Cbaracterization
Antisera were generated in rabbits, as described in Materials and Methods, using preparations of each synthetic peptide coupled to keyhole limpet hemocyanin. The specificity of each of the antisera utilized in this report is displayed in an experiment described in Figure 1 . Ninety-six-well microtiter plates were coated with one of five synthetic peptides; magainin 11-carboxyamide, PGLa, XPFcarboxyamide, CPFcarboxyamide, or a human CCK precursor. Each of the five antisera was then incubated, separately, with each of the peptides, to block antibodies with the corresponding specificity. The antisera were then exposed to the appropriate peptidecoated plates to determine the concentration of free antibody with the corresponding specificity remaining in the preparation. As shown in Figure 1 , each antiserum was most effectively blocked by the peptide to which it was generated.
In several of the immunohistochemical studies presented in this report, immune depletion of the polyclonal antisera was utilized to provide a negative control to which the specific immunohistochemical pattern could be compared. To demonstrate that the antisera utilized had been effectively depleted of peptide-specific antibodies, antisera (immune and depleted) were incubated at various dilutions in microtiter plates to which peptides were bound. Specific antibody present in the antiserum was determined by the subsequent assay of antibody bound to the corresponding wells of the microtiter plate. As shown in Figure 2 , the immune sera (antimagainin in Figure 2A and anti-PGLa and Figure 2B ) contained high concentrations of the corresponding antibody, whereas immune-depleted antisera exhibited markedly reduced concentrations of the specific antibody. Also to be noted in this experiment was the demonstration that specific KLH antibodies are present at about the same concentrations in both immune-and specific peptidedepleted antisera, highlighting the selectivity of the immunedepleted protocol used. 
I'
In summary, the antisera used in the immunohistochemical studies exhibit selectivity for each specific peptide at the dilutions utilized. In addition, by passage of the specific antiserum over a matrix to which peptide had been coupled, we could effectively remove peptide specific antibody, providing an appropriate "negative" immunohistochemical reagent.
Skintype Antimicrobial Peptides Are Detected Immunohistochemically in Gastric Mucosal Glands
The gastric mucosa of Xenopus is lined by a columnar epithelium, like the mammalian gastric lining. The gastric glands, which secrete digestive enzymes and hydrochloric acid, lie within the mucosa and deliver their secretion to the gastric mucosal surface through the base of a gastric pit, a shallow tubular depression lined by the surface epithelium. At the base of the gastric pit of the adult Xenopus stomach, clusters of lightly staining clear cells are seen, distributed from the cardiac to the pyloric regions ( Figure 3E ). These cells stain positively with a periodic acid-Schiff stain for carbohydrate and are classically referred to as mucous cells (31) ( Figure 3F ). The integumentary mucous glands appear to store large quantities of mucins related structurally to mucins contained within mammalian intestinal mucous-secreting cells (32) . The clear glands of the stomach exhibit a very similar finely reticulated, foamy pattern on toluidine blue staining ( Figure 3H ), a pattern that is also seen in the mucous glands of the skin. Figures 3A, 3C , and 3G show stomach tissue from an adult Xenopus stained immunohistochemically using polyclonal antisera against an abundant antimicrobial peptide stored inXenopus skin, magainin 11. Figure 3A is a low-magnification view showing many immunopositive cells in this section of stomach and demonstrating that antimicrobial storage cells are near the lumen, not among the more deeply disposed gastric glands. The immunopositive cells appear brown against a green-counterstained background. The magainin peptide is localized to segments of the mucous glands at the base of the gastric pit. The cells with magainin immunoreactivity are more prevalent in the fundus and cardiac regions than in the pyloric region of the stomach. Figure 3C shows the immunopositive cell at a higher magnification. The cells are found near the gastric pit, and, as shown in Figure 3G , they appear to be segments of the multilobed mucous glands. Figure 3D is a negative control illustrating the specificity of the antiserum. The immune-depleted serum used for Figure 3D does not stain the immunopositive cell shown in Figure 3C . Also, control sections incubated with non-immune rabbit IgG showed no reactivity (data not shown). The identical findings were obtained for the skin peptides PGLa, CPF, and XPF, using specific antisera to each peptide on serial tissue sections ( Figures 4C-4E) . The cells were also immunopositive using an anti-cholecystokinin antiserum which is presumably detecting caerulein ( Figure 4F ). As discussed below, there was minimal crossreactivity of the antisera, so this evidence suggests that at least four peptides are stored in one cell. Furthermore, nine antimicrobial peptides were isolated from Xenopus stomach tissue (29), and as many as nine antimicrobial peptides are likely to be present in the GMC. The antibody studies would not differentiate between magainin I and magainin 11, nor between the multiple variations of CPF. Although in most sections the immunoreactive cells within the gastric mucous gland do not appear to be contiguous with the lumen of the gastric pit, in several sections a surface of the immunoreactive cell does appear as though it may be in contact with the lumen. It is possible that these cells could, by virtue of their organization within the mucous gland, deliver their granular contents into the lumen of the gastric pit and, consequently, onto the mucosal surface. In addition, very large spherical, immunoreactive cells can be seen within the mucosal layer of the lower esophagus ( Figure 3B) . Over a 4-year period, the number of animals that showed positive immunoreactivity of the stomach varied between 30% and 80%. In situ hybridization experiments currently being conducted may help to explain the variable expression and/or storage of these peptides.
Therefore, skin-related peptides appear to be contained in a single common structure in the gastric mucosa, rather than in separate, distinct peptide-specific cells, as often seen for neuroendocrine cells in the gastrointestinal tract of mammals (1) (2) (3) . In addition, this peptide-containing structure appears to be restricted to a limited anatomic location within the gastric mucosa. It is present at the base of the gastric pit, within a mixed gland also containing clear cells that histologically resemble mucous cells of the skin.
Ultrastructural Views of the Peptide-containing Cell of the Gastric Mucosa
Electron microscopic views of the gastric cells staining positive for the skin-type peptides are shown in Figure SA . The peptidecontaining structure reveals itself to be a complex morphological entity. It is a spherical or ellipsoid multicellular structure in which multiple nuclei are arranged at the periphery surrounding a common cytoplasmic space. Since no plasma membrane can be seen to delimit the nucleus, the common center of the structure appears to be a true common cytoplasm rather than an extracellular, follicular space. The cytoplasm of this multicellular structure is filled with many granules shaped like rice grains, about 1-3 wm long and about 0.5 pm in diameter. Few organelles are visible in the cytoplasm, with some endoplasmic reticulum and Golgi apparatus disposed into the zone of the cytoplasm adjacent to the nuclei at the periphery.
The peptide-containing structure that has been described in the gastric mucous gland is strikingly similar to the granular gland of the skin. To make this point, we show the electron micrograph of a granular gland from the dorsal skin above the scapula of a Stage 62 Xenopus luevis tadpole (Figure SB) . At this stage in development the animal is undergoing metamorphosis (lo), a period of rapid de novo skin gland development. The skin gland is organized as a spherical body and at this stage is about the same size as the gastric mucosal structure of the adult. The nuclei of the integumentary granular gland lie on the periphery of the organized unit and share a common cytoplasm with few organelles. The granules in both the stomach and skin structures are strikingly similar in morphology, size, and density within the cell. With respect to granular fine structure, in both gastric and skin glands the granules present a striated internal appearance, are surrounded by a somewhat electron-lucent cortical zone, and lack a distinguishable delimiting membrane. In addition to the cells described, the skin gland is surrounded by a cage of myoepithelial cells; however, the gastric gland structure does not appear to have a myoepithelial cell coat. The cytoplasmic membrane of the granular gland of the skin, further, abuts directly at its apex onto an epithelial duct that opens to the external surface of the epidermis, while the gastric structure is adjacent to the lumen of the epithelial pit that dives into the mucosal surface of the stomach. Figure 6 illustrates the relationship of the granular multinucleated cell to the neighboring cells in the mucous gland of the gastric pit. The mucous cell seen in the upper part of the pho- tograph is distinguishable by the characteristic shape and electron density of its granules and by its abundant endoplasmic reticulum and Golgi apparatus. The boundary between the membrane delimiting the peptide-containing structure and the neighboring mucous cell appears to be simple in design, without a basement membrane, specialized connecting structures, or an obvious intercellular space, as shown in the inset of Figure 6 .
To more precisely localize the peptides within the multicellular structure, sections were studied with immunogold reagents after incubation with either magainin or PGLa-specific antiserum (Figure 7 ) . Each granule is heavily labeled using either magainin or PGLa antiserum, with more than 350 gold particles over background in the sections shown, whereas immune-depleted antiserum exhibits minimal labeling. Therefore, it appears that the peptides are stored within the granules, and our evidence suggests that each granule may contain several different peptides.
Discussion
Novel Multinucleated Enteric Peptide-producing Cell in Xenopus
A novel antimicrobial peptide-containing structure within the gastric mucous of Xenopus laevis has been identified. The cell is multinucleated, stores peptides in distinctive large ellipsoidal granules, and is strikingly similar morphologically to the granular gland of the skin. Our results demonstrate that the antimicrobial peptides isolated from Xenopus stomach extracts are stored in granules in a gastric mucosal cell which also shows positive immunoreactivity to anti-cholecystokinin antisera. We propose to designate this cell a "granular multinucleated cell" (GMC). In addition, serum to neurofilament, a classical marker of neuroendocrine cells, specifically stains these cells (Reynolds et al., manuscript in preparation), il- lustrating that these cells have properties of cells that are classified as neuroendocrine.
Vertebrate enteric peptide-producing cells are often named on the basis of their storage of one or a few peptides. Many cells have been recognized such as the EC (enterochromaffin)-cell, the G (gastrin)-cell, the I (cholecystokinin)-cell, and the N (neurotensin)-cell (1-3). Previously, it has been demonstrated that the peptides immunologically related to cholecystokinin (33), bombesin (34). xenopsin (35) , caerulein (35). and glucagon (36) can be localized to cells in the gastric mucosa of Xenopus, and it is possible that the GMC was previously described at the light microscopic level as a cholecystokinin cell. However, to our knowledge no simple analogue of this gastric multinucleated cell has been described at the ultrastructural level in mammals or other vertebrates. The name "granular multinucleated cell" describes the morphology of the cell. and the name does not restrict the cell to the storage of a single peptide, for at least nine different gene products may be expressed as abundant antimicrobial peptides in this cell.
The Reiease Mechanism for the GMC
The large size of the granules contained in the gastric GMC, their morphological similarity with the granules of the skin glands, and their position adjacent to the lumen leads us to speculate that these cells might function to deliver their contents into the lumen of the stomach. The skin granular gland consists of a syncytial secretory compartment filled with rice-shaped granules. The gland arises from a spherical cluster of cells in which separating cell membranes lyse to yield a large multinucleated cell with a common cytoplasm (10). The skin granular gland releases its stored peptides onto the external mucosal surface of the frog through a process that involves the rupturing of the plasma membrane surrounding the cell, followed by extrusion of the common cytoplasm along with the peptide-containing granules through a duct opening to the surface (6) . On the basis of the similarity in structure of the granules of the skin and stomach, along with the common syncytial cellular organization of the two cells, the enteric cell may also be designed to release the granular contents into the stomach lumen through a mechanism involving cell rupture (a holocrine mechanism). If this is true, the GMC would differ from the classical EE cell in its release mechanism.
Alternatively, the positive cholecystokinin and neurofilament immunoreactivity of the GMC indicates that it also has properties of a classic endocrine cell. In addition, the GMC does not have a myoepithelial coat, which the granular gland uses to extrude its contents. The GMC may release its contents into the bloodstream or onto neighboring cells, and not into the lumen of the stomach. More complicated physiological experiments will be needed to determine which release mechanism is actually used.
The Function of the GMC The similarity in cell design and peptide content between the GMC and the skin granular gland suggests that the gland might play a role comparable to that of the skin gland. The GMC may provide the animal with a mechanism to store high concentrations of a complex population of biologically active molecules, which can be released onto the surface of the stomach. What physiological function might the release of the peptides have in setting of the stomach? The properties ascribed to the contents of the skin glands can be imaged to serve a comparable function in the stomach. These properties include toxic activity against macroscopic predators and antimicrobial activity (21).
Xenopus, in common with other anurans, swallows its food intact. Since an adult is a voracious predator, swallowing live prey, creatures remain alive in the upper gastrointestinal tract of the animal immediately after ingestion (31). The secretions of the GMC might irritate, immobilize, or kill living ingested animals, analogous to its use of the noxious and toxic effects of the skin secretions in defense against predators in its external environment. The amphibian stomach is believed to serve a storage function, permitting the individual to feed during brief periods of activity or optimal thermal conditions, to be followed by the more leisurely processing of the stored foods (31). Since ingested organic matter would be expected to undergo bacterial decomposition, the release of antimicrobial peptides into the stomach lumen would serve to maintain control over bacterial growth in the stomach before stimulation of enzyme and acid secretion. Alternatively, the GMC may release its contents by a paracrine or endocrine mechanism with a biological function that is yet to be determined.
A Range of Antimicrobiul PeptideJ Has Been Isoluted
Over the past few years, antimicrobial peptides have been localized to the internal milieu of animals ranging from insects to mammals, and are believed to play a role in host defense and wound repair. One group of antimicrobial peptides, the defensins, are a farmly of cysteine-rich peptides, 23-34 residues long, which are highly conserved between mammalian species (37,38). The defensins were initially discovered as constituents of leukocytes and are believed to mediate non-oxidative antimicrobial activity in these circulating cells. However, recent evidence suggests that defensins are also made in epithelial cells. The mRNA coding for a novel defensin peptide was localized to the Paneth cell, a cell implicated in host defense (39,40), in the crypts of the murine small intestine (41).
Another class of antimicrobial peptides, the cecropins, are a family of linear amphipathic, non-hemolytic peptides, 37 amino acids long, which represents a major antimicrobial defense system in insects (42,43). The cecropins, ionophores that appear to act by the same mechanism as do magainins in disturbing membrane permeability (44), are induced on injury or microbial invasion, and rise to high levels in the interior body cavity of the insect (45). Re-cently, a cecropin-like peptide was isolated from porcine intestine (46). Therefore, presence of antimicrobial peptides in the stomach of Xenopus underscores the widespread distribution of host defense peptides in animals.
The existence of a gastric mucosal multinucleated cell similar in morphology and biochemical complexity to the granular gland of the skin reveals that the granular gland of amphibian skin is a more general epithelial derivative than previously appreciated. Perhaps it has evolved as a biological device to synthesize, store, and secrete peptides by a very specialized process. The development of this cell during metamorphosis, its turnover in the gut, its intracellular trafficking of peptides, its representation among other animals, and its physiological role are all of interest. The peptide family contained in these enteric cells provides a large group of gene products with which to address these questions.
